We describe here recent work on the electronic properties, magnetoexcitons and valley polarised electron gas in 2D crystals. Among 2D crystals, monolayer M oS 2 has attracted significant attention as a direct-gap 2D semiconductor analogue of graphene. The crystal structure of monolayer M oS 2 breaks inversion symmetry and results in K valley selection rules allowing to address individual valleys optically. Additionally, the band nesting near Q points is responsible for enhancing the optical response of M oS 2 .We show that at low energies the electronic structure of M oS 2 is well approximated by the massive Dirac Fermion model. We focus on the effect of magnetic field on optical properties of M oS 2 .
Introduction
There is currently interest in the electronic and optical properties of van der Waals (vW) crystals [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] . Bulk van der Waals crystals are found to be insulators, metals, ferromagnets, superconductors and semiconductors. vW crystals 5 are built of weakly bound atomic planes, hence atomic layers from different vW crystals can now be peeled off and reassembled into new materials with properties not readily available in nature [8, 14, 15, 16] . When bulk vW crystal is reduced to a single atomic layer, the properties can change drastically. For example, bulk M oS 2 , a well-known transition metal dichalcogenide (TMDC), is 10 an indirect gap semiconductor while a single layer is an example of a truly twodimensional, direct gap, semiconductor. TMDCs share hexagonal lattice with graphene and the low energy spectra can be understood in terms of massive Dirac Fermions [14] . The two nonequivalent valleys can be addressed optically [12, 13, 17] , topology leads to valley spin Hall effect [9, 10] and electron-electron 15 interactions can lead to a broken symmetry valley polarized electronic state [17] . The absorptivity of 2D TMDC layers is very strong due to band nesting [25, 26] and excitonic effects are pronounced due to reduced dimensionality and screening [14] . Here we describe some of our work toward the understanding of the electronic and optical properties of semiconductor TMDCs [9, 20, 25] . [12, 13, 17] . Strong contribution of the d-type orbitals in M oS 2 produces large SO-coupling resulting in large spin splitting of the valence band. This splitting, of the order of 150meV at K points, results in two classes of optical transitions, A and B [4, 5, 7, 17, 20] . An important feature of the band structure is the existence of the additional conduction band minima at Q points. Such shape of the conduction 50 band implies that the conduction and valence bands run parallel as a function of k, leading to band nesting, which significantly enhances absorption by TMDCs compared to graphene [20] .
Tight-binding model for M oS 2 and massive Dirac fermions
In order to understand important features of the band structure of M oS 2 a simple, tight binding (TB), model is needed. Guided by our ab-initio calculations [7] we construct such a model [20] 
where N U C is the number of unit cells. We next construct the tunneling matrix elements between two sublattices in analogy to graphene:
where V A (r) is the potential on sublattice A and R B1 , R B2 , R B3 are positions of three nearest-neighbors measured from metal atom A. Evaluating this matrix element at point K of the BZ gives matrix element
whereV pd (m d , m p ) is a Slater-Koster matrix element for nearest-neighbour Mo-S tunneling. In graphene the same matrix element for tunneling from Pz orbitals of sublattice A to nearest neighbor Pz orbitals of sublattice B reads: 
The Hamiltonian in eq. (5) describes massive Dirac fermions (mDfs) [20, 21] as excitations of the TMDC, with a = 3.193Å, t = 1.4677eV and ∆ = 1.6848eV
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[20] extracted from TB and ab-initio calculations.
M oS 2 response to external magnetic field
We now describe Landau quantisation of the Dirac fermion energy levels.
The energy spectrum can be obtained by transforming the momentum operator in the massive Dirac Hamiltonian, eq. (5), into creation and annihilation operators [13, 20, 21, 22] . For K valley the mDF Hamiltonian in B reads:
, v F is the Fermi velocity v F = ta and we choose a symmetric gauge A = B 2 (−y, x, 0). Diagonalizing the mDF Hamiltonian in eq. (6) we find energy levels for the conduction band (E > 0) and valence band (E < 0) as [20, 21] .
with corresponding eigenstates Ψ 
Even greater asymmetry is apparent if spin-orbit splitting is included. The
Hamiltonian for both spin up and spin down in the K valley reads:
where ∆ C/V SO is the spin splitting for the conduction (valence) band. The solutions of the Hamiltonian in eq. (9) are
If we assume that ∆ 
Optical properties of massive Dirac Fermions
We now discuss the optical properties of massive Dirac Fermions in M oS 2 in a magnetic field [11, 18, 21, 24] . We start with inclusion of e-e interactions into the massive Dirac Fermion model. With index i including all the quantum numbers of the massive Dirac Fermions, including the two nonequivalent valleys, and c c † being the annihilation(creation) operators, the Hamiltonian for interacting massive Dirac Fermions in B reads:
Here the first term describes the single particle spectrum of mDf and the second term describes their interaction. In eq. (11) V ijkl are the two-body To describe the ground state of weakly interacting mDf we populate the va-110 lence band of mDf LLs with electrons in both K and K valleys to form a Hartree-
where λ corresponds to a collective index λ = (n, m, σ) , excluding the valley Fig. 3b .
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Once we have the groundstate we form a single excitation in a given valley, an electron-hole pair, from the GS of the form:
Such a pair is not the eigenstate of the interacting Hamiltonian. We next form a magneto-exciton as a linear combination of excited pairs.
The exciton wavefunction is obtained by solving the Bethe Salpeter equation for amplitudes A ij :
where Σ i is the exchange self-energy of mDf in the valence band and Σ j is the exchange self-energy of electron in the conduction band due to filled valence band:
Once the exciton wavefunction |Φ f and energy levels E f are obtained from the BSE, the absorption spectrum is obtained from the Fermis golden rule: 6. Magneto-excitons of massive Dirac Fermions.
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We now discuss massive Dirac Fermion magneto-exciton spectra for a single valley. We start by determining self-energy. To calculate self-energy we need to populate Landau levels in the valence band of both valleys. But only +K valley contains the n = 0 Landau level hence there is Valley Zeeman splitting in the valence band. Fig. 3 shows the population of LL levels for noninteracting 130 and interacting mDf.
The self-energy renormalizes the LLs in conduction and valence band which affects the valley Zeeman splitting. It shows oscillatory behavior, following the valley polarization as shown in Fig. 3b . For an unpolarized case it decreases with the number of particles N and for polarized case it increases in value.
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We now discuss how these electronic properties can be detected in an optical measurement. After populating the valence band LLs we compute a single exciton (Fig. 4) by solving the BSE. In Fig. 4a we show the different approximations to the computed absorption spectrum for an example of the GS made of particles in the topmost LL of the va- Fig. 4a-3 ., we include electron-hole attraction, which leads to a red shift balancing the exchange self-energy contribution and a spread in transition energies. Finally, we allow for correlation effects, i.e., scattering of different electronhole pair configurations, responsible for renormalization of oscillator strengths of different transitions., Fig. 4a-4 . The absorption peaks evolve further as the 150 exchange interaction is switched on and as the spin configurations are allowed to couple (Fig. 4a-5-6 ). We find the final absorption maximum to be blue-shifted with respect to the single-particle gap. Further studies will include screening of Coulomb interactions and intervalley scattering effects. 
